structure of the honey bee venom peptide melittin has been investigated. In aqueous solution at low pH melittin is predominantly unstructured. Addition of HFA at pH < 2.0 induces a structural transition from the unstructured state to a predominantly helical conformation as suggested by intense diagnostic far UV CD bands. The structural transition is highly cooperative and complete at 3.6 M (50% v/v) HFA. A similar structural transition is also observed in 2,2,2 tri¯uoroethanol which is complete only at a cosolvent concentration of < 8 M.
Temperature dependent CD experiments support a`cold denaturation' of melittin at low concentrations of HFA, suggesting that selective solvation of peptide by HFA is mediated by hydrophobic interactions. NMR studies in 3.6 M HFA establish a well-de®ned helical structure of melittin at low pH, as suggested by the presence of strong NH i /NH i+1 NOEs throughout the sequence, along with many medium range helical NOEs. Structure calculations using NOE-driven distance constraints reveal a well-ordered helical fold with a relativelȳ exible segment around residues T10±G11±T12. The helical structure of melittin obtained at 3.6 M HFA at low pH is similar to those determined in methanolic solution and perdeuterated dodecylphosphocholine micelles. HFA as a cosolvent facilitates helix formation even in the highly charged C-terminal segment.
state (4±7). The induction of helical structure is primarily sequence-dependent (8±10). Stabilization of other secondary structures such as b-hairpins or b-sheets is also documented, albeit to a lesser extent (11, 12) . Structural studies of synthetic protein fragments in aqueous¯uoroalcohols provide valuable insights regarding the early stages of protein folding (5, 13) . Stabilization of partly folded states or`molten globule-like' states of proteins in¯uoroalcohol/ water mixtures has emerged as a viable strategy to obtain folding intermediates under equilibrium conditions (14, 15) .
The formation of stable secondary structures in aqueous solution is unfavourable due to the solvation of the peptide backbone by water, which competes for hydrogen bonding sites and disrupts intramolecular interactions (16) . Unlike in the folding of proteins, peptide fragments are generally too short in length to nucleate secondary structures within an initial globular state formed by`hydrophobic collapse'.
Recently we have shown that aqueous hexa¯uoroacetone (HFA), like TFE, can be used as a structure stabilizer for peptide sequences from proteins, with HFA displaying superior structure stabilizing properties as compared to TFE (17) . On the basis of our results we have proposed a model for interactions of¯uoroalcohols with the peptides (7, 17) . The model suggests direct interactions of¯uoroalcohols with peptides, driven primarily by hydrophobic interactions involving the tri¯uoromethyl groups of HFA. As part of a programme to systematically investigate the effect of HFA on different peptide sequences, we have studied the conformation of melittin in aqueous HFA solution at low pH. Melittin, a cytolytic membrane active peptide from honey bee venom, consists of 26 amino acid residues (GIGAVLKVLTTGLPALISWIKRKRQQ) and is amidated at the C-terminus. The conformations of melittin have been extensively investigated in crystals by X-ray diffraction (18) and under various solution conditions (19±24). A tetrameric helical conformation of melittin has been established by crystallography and in high salt and high pH solutions (18, 19) . However, the conformation is largely random coil in aqueous solution at low pH due to unfavourable charge/ charge repulsion in the C terminus KRKR segment (25) . A monomeric helical structure is also reported in the presence of lipids and in membrane mimetic environments (21, 23, 26) . In this report, we demonstrate a helical conformation of melittin at low pH in the presence of aqueous HFA by CD and NMR. Our results show a sharp transition from a random coil conformation to a largely helical conformation on titrating an aqueous solution of melittin with HFA. The transition is completed by 3.6 m HFA (50% v/v). NMR studies performed at 3.6 m HFA, pH 2.0, establish a stable helical conformation. Thermal melting experiments monitoring CD bands, performed at different concentrations of HFA support a`cold denaturation' of the helical structure, suggesting hydrophobically driven solvation of the peptide by¯uoroalcohols. Comparative studies in aqueous TFE and HFA show that the latter is a superior structure stabilizer.
Materials and Methods
Melittin was obtained from Sigma Chemical Co. The purity of the material was checked by a reverse phase HPLC (C18, 5m) using methanol±water gradients (70±95%) containing 1% tri¯uoroacetic acid. The hexa¯uoroacetone trihydrate (HFA, a covalent hydrate of the ketone, a gem diol, hexa¯uoropropan-2,2-diol) was obtained from Aldrich Chemical Co.
Circular dichroism (CD)
All CD spectra were recorded on a JASCO-J-500 A spectropolarimeter using cells of path length 1 or 2 mm. Peptide concentrations were determined using the single tryptophan Table 1 . 
Description of the structure
The observed pattern of NOEs supports a helical conformation of melittin in 3.6 m HFA at pH 2.0. Figure 10 shows the superposition of backbone atoms (C Comparison between crystal and NMR structures
In the crystal structure of melittin the asymmetric unit consists of two independent chains, both of which adopt a bent helical structure with the kink occurring at the T11±G12 segment (18) . This is presumably a consequence of accommodating P14 into the helical structure. Insertion of a Pro residue (at position n) in the centre of helices requires accommodation of the dCH 2 group in place of the amide The average structure derived from NMR is much less distorted in the T10±G12 segment than the crystal structure (Table 2 ).
Discussion
Melittin in aqueous solutions at low pH is unstructured because of the presence of several positively charged groups at the C terminus. Helix induction is usually achieved at high pH or by the addition of strong counter ions such as phosphate. Hexa¯uoroacetone hydrate (HFA) has been shown in this study to be a very effective helix inducer even at low pH. CD and¯uorescence data suggest that the melittin structures generated using Dyana. Right: the average NMRderived structure. 
